We present the first diode pumped Q-switched Ho:Lu 2 O 3 laser. At room temperature the maximum pulse energy exceeded 5 mJ at 100 Hz pulse repetition rate while the maximum peak power was 23 kW.
Introduction
Q-switched high-energy lasers operating in the nominally eye-safe 2 µm wavelength region are important for applications in medicine, LIDAR systems, and pumping of optical parametric oscillators based on ZnGeP 2 or periodically poled GaAs, which allow for the generation of wavelengths ranging from 3 µm to 12 µm [1] .
Many of these applications call for wavelengths above 2 µm. ZnGeP 2 shows a reduced absorption at 2.1 µm compared to 2 µm leading to higher conversion efficiency. Also, for free-space LIDAR applications it is important to target the atmospheric window for wavelengths above 2.05 µm due to the reduced absorption by water vapor.
The conventional approach is to use Tm-sensitized Ho-doped crystals which can be diode pumped at ~ 800 nm. These diodes are commercially available, cost-effective, and show high laser efficiencies. The pump light is absorbed by the Tm-ions and transferred to the Ho-ions. The quantum efficiency of this pump process has a theoretical limit of two due to the cross relaxation process of the Tm-ions [2] . Despite these attractive features, cooperative upconversion processes have to be taken into account for the co-doped crystals, which reduce the laser efficiency, especially in the case of Q-switching. Singly Ho-doped crystals resonantly pumped at 1.9 µm are a promising route to avoid these problems. The low quantum defect enables high laser efficiencies for both cw and Qswitched operation. Commonly fluorides (YLF) and garnets (YAG) are used as the host crystal.
The sesquioxide Lu 2 O 3 is a very promising laser host crystal regarding power scaling because it unifies several favourable properties of both fluorides and garnets. Sesquioxides exhibit a high thermal conductivity which is higher than the one of YAG and their low phonon energies ensure a large energy storage time while minimizing nonradiative relaxation processes [1] . This feature is very attractive for low repetition rate Q-switching. Due to the strong Stark splitting exceptionally long laser wavelengths are attainable.
In our previous work, this novel laser material was spectroscopically characterized and the first laser operation of Ho-doped lutetia was demonstrated at room temperature [1] . In this work, we report on the first Q-switched operation of the Ho:Lu 2 O 3 laser.
Laser Experiments
A compact plano-plano cavity was chosen and is depicted in Fig. 1a . A GaSb-based laser diode stack which consisted of ten linear bars served as the pump source. It delivered a maximum output power of 150 W. The central wavelength of the stack shifted from 1890 nm at threshold to 1935 nm at maximum output power. Thus, several absorption peaks of the Ho(0.3 %):Lu 2 O 3 crystal are addressed for high pump powers, but for low pump powers a low absorption efficiency is expected (see Fig. 1b ). The pump light was focused onto the water cooled (18 °C) Ho:Lu 2 O 3 rod with an anti-reflective (AR) coated multi-lens optic leading to a pump spot diameter of ~ 2 mm. The plane mirror M1 was positioned as close as possible to the Ho:Lu 2 O 3 rod which was barrel polished for assuring guiding of the pump light by total internal reflection. The rod was 2.5 mm in diameter and 20 mm in length. The front and rear facets were AR coated for the pump and laser wavelengths. A water cooled pinhole was used to protect the mount of the intracavity lens from the transmitted pump light and thus reduced its heating. The AR coated lens had a focal length of f = 250 mm and enlarged the mode diameter in order to reduce the stress on the surfaces of the optical components to avoid possible damage. An acousto-optical modulator (AOM) was used for Qswitching. In our first experiments the transmission of the output coupler M3 was 10 %. In cw operation the output power was limited to 4 W at the maximum pump power due to a low absorption efficiency. Fig. 2a shows the pulse energy and pulse duration for 100 Hz and 125 Hz pulse repetition rate. A maximum pulse energy of 5.3 mJ was achieved. The corresponding pulse duration was 230 ns leading to a maximum peak power of ~ 23 kW. At 125 Hz pulse repetition rate the maximum pulse energy was 4.5 mJ and the pulse duration increased to 270 ns. The pulse to pulse amplitude fluctuation was measured to be below 4 % in both cases. The high laser threshold (~ 137 W of incident pump power) can be attributed to the small overlap of the absorption spectrum of Ho:Lu 2 O 3 and the output spectra of the laser diode at low pump powers (see Fig. 1b ). As can be seen in Fig. 2a , the full pump power was not used in order to avoid possible damage due to the high intracavity energy fluence with the relatively low transmission rate of the output coupler of 10 %. Fig . 2b shows the emission spectrum and the laser spectrum of the Q-switched Ho:Lu 2 O 3 laser which is centered at 2.124 µm. This exceptionally long wavelength is beneficial for the mentioned applications. The most commonly used laser crystal for these applications is Ho:YAG. When Q-switching this laser crystal the laser wavelength is 2.09 µm and thus shorter compared to Ho:Lu 2 O 3 [3] .
Conclusion
In conclusion, we demonstrated the first diode pumped Q-switched Ho:Lu 2 O 3 laser. At room temperature the maximum pulse energy exceeded 5 mJ at 100 Hz pulse repetition rate while the maximum peak power was 23 kW. At 125 Hz the pulse energy decreased to 4.5 mJ and the pulse duration increased to 270 ns. In both cases stable single pulse operation was observed with a pulse to pulse amplitude fluctuation below 4 %. The central wavelength of the Ho:Lu 2 O 3 laser spectrum is 2.124 µm.
Future work will be focused on both acousto-optic and electro-optic Q-switching with higher output coupling transmission rates in order to use the full power of the pump source and to demonstrate the potential of this novel laser material. Also, Ho:Lu 2 O 3 rods with different lengths will be investigated.
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